The paper is an attempt to describe the forecast on the risk of damages resulting from failures to the means of transport. It has been assumed that the product of the probability of failure (fault) occurrence and measures of effects thereof are to be used to estimate the risk. The below presented dependences that describe the risk of damages have been based on the failure rate. With the available literature as the basis, a preliminary description of the probability of a failure (fault) and the level of losses has been proposed. The paper gives dependences on short-and long-range risk forecasts. To determine the relationship for the probability of a failure (fault), the failure rate has been used.
Introduction
Modern means of transport feature high level of reliability and operational safety. However, sometimes catastrophic failures (faults) may occur to result then in considerable effects. They may occur in different means of transport for many and various reasons, usually due to either a lack of current and complete recognition of the system's health or the accumulation (coincidence) of random undesirable events.
The following are good examples of causes of catastrophic failures:
• loss of volumetric strength of the structure (structural stability of the system, of the total volume of structural strength), • loss of strength by particular structural components due to notch-affected hidden fatigue processes, DOI 10.2478/v10041-012-0008-y
• random short-circuits in electrical (wiring) systems,
• stoppages in mechanical systems due to clearances getting larger,
• random coincidence of undesirable events,
• random increase in concentrations of chemical vapours and hence, generation of conditions conducive to uncontrolled explosion(s).
Causes that make catastrophic failures occur are subject to empirical testing and theoretical considerations in every case such a failure actually occurs. Findings of such efforts are usually widely exploited to further operate the means of transport. Occurrences of catastrophic failures to the means of transport result in notifiable accidents (crashes) and incidents that give rise to considerable losses in material property and/or other ones.
Therefore, there is a demand that the risk of such losses is well estimated. The product of probability that an undesirable event occurs and measures of effects thereof is used for the risk estimation. The computational formula takes the following form:
where: R -risk of an undesirable event, P -probability that an undesirable event occurs, S -a measure of effects of an undesirable event; in the case under consideration, losses in monetary units of measurement of cost attributable to the catastrophic failure of a means of transport.
In a general case, relationship (1) is closely related to the time of system operation.
Selection of a mathematical dependence to assess the risk
A failure rate is a conditional density of probability that a failure occurs at time instant t, however, under condition that before the instant t the unit (system, device, etc.) does not suffer any failure.
The failure rate is expressed with the following relationship:
where: T -random variable of time to failure, t -time of operating the unit.
Let us denote the event { } t T t t A < ≤ + ∆ = , and the event { } T t B > = .
For any two conditional events A and B the following dependence takes place:
coincides with the event { } t T t t < < + ∆ .
Using the above, relationship (2) may be rearranged to take the form:
Hence,
Relationship (4) can be written down as a differential equation of the following form:
For the initial condition R(t = 0) = 1 equation (5) has the following solution:
where: z -an auxiliary variable.
With relationship (6) applied, the risk of a failure to a unit (system, device, etc.) in question within the unit's operating time interval (0, t) will be:
A catastrophic failure to the unit may result in financial losses that take values within some range; an average value may be estimated using the following relationship:
where: n -number of thresholds in the assessment of losses (i = 1, 2, …, n), S i -value of losses in the i-th threshold, P i -probability that due to a failure to a given unit (system, device, etc.) the losses of value S i occur 1 2 ( , ... 1)
Such being the case, the risk of losses (relationship (1)) takes the following form:
Relationship (9) determines the risk of potential losses due to a failure to a means of transport within the system operating time (0, t).
Let us assume another situation. We would like to determine the current risk for the following instance: a means of transport has been operated for a given time. Let us denote it with t 1 . There has been no failure to the means of transport in question within this time interval. Let us examine the probability of correct operation of this means of transport after that time instant. The time of operating the system starts now from the time instant t 1 .
Let us introduce now the conditional probability
probability of correct operation in time t after correct operation of this means of transport up to time instant t 1 .
The conditional probability 1 1 { / } P T t t > can be calculated by means of relationship (6), using general laws. This will be the ratio of the probability that there will be no failures to the unit in time interval t 1 + t to the probability that in time instant t 1 no failure has occurred. Hence,
From relationship (10) the following is derived:
Let us now assume that subject to our estimate is a risk of failure within some short time interval, e.g. within one work cycle. Let t = ∆t, and ∆t be a work cycle of the means of transport in question. Hence, relationship (11) can be written down as:
The conditional probability
is the probability that the means of transport in question will operate correctly also in time interval ∆t, starting from t 1 when its operation was correct. Relationship (12) allows us to predict capability of the system to correctly operate in the future, within some short time interval ∆t, if this system operates correctly up to the time instant t 1 . With relationships (11) and (12) applied, we can write down what follows:
P T t t P T t t
Having expanded the right side of equation (13) in a power series against ∆t, the following is arrived at:
Value of λ(t 1 )∆t is the conditional probability that some failure (inefficiency) occurs within time interval (t 1 , t 1 + ∆t), however, provided that the means of transport in question operated correctly up to time instant t 1 .
Such being the case, the risk of the failure (inefficiency) to occur within a work cycle can be determined with the following relationship:
Relationship (14) can be arrived at using definition of the failure rate presented in the form of relationship (2) .
To currently estimate the risk, one can apply relationship (14) using dependences for failure rates for particular distributions.
Relationship (14) can be determined starting with failure-rate definition. Relationship (2) takes the form:
Hence, after simplification and re-arrangement { } ( ) { }
P t T t t t t P t T λ < < + ∆ =∆ = <
What we arrive at from this relationship is:
where: { } P t T t t < < + ∆ -probability that a failure will occur within time interval (t, t + ∆t), { } P t T < -probability that a failure has not occurred within time interval (0, t), λ(t)∆t -probability that a failure will occur within time interval (t, t + ∆t).
The assumption that 1 { } 1 P t T ≤ = has been accepted for relationship (14).
Determination of failure-rate factor for some selected models of the structural component's wear -an example
At this point we are going to deal with a model that enables us to find a relationship for the failure rate, which proves necessary to estimate the current risk while operating a means of transport.
Relationships to be found are expected to facilitate the assessment of values of probabilities that some specific kinds of failures may occur in the course of operating the means of transport.
Let us assume that what results from the process of operating the unit (system, device, etc.) is the surface wear of mating components, which manifests itself in the loss of weight and changes in dimensions of a given structural component. This is the straight line to that the clearance between mating components keeps growing. It can be easily shown that the clearance-growth dynamics may be described with the Fokker-Planck equation [6] .
Having solved this equation we find the probability density function for the clearance growth. The function takes the form: 
where: l -value of the clearance between mating components, bt -average value of the clearance at time instant t, at -variance of value of the clearance at time instant t, u(l, t) -probability density function for the clearance.
Let d denote the boundary value of the clearance. After the current value of the clearance l has been exceeded, the unit (system, device, etc,) is unfit for use (service), since there is a high probability that the mating of structural components will get jammed.
Applying function (16) one can determine the probability of the component's wear in time interval (0, t). The computational formula takes the form:
The probability of the component's wear within time interval (0, t + ∆t) can be shown in the following way: 
This probability is a sum of the probability that the component gets worn in time interval (0, t) and the probability of the component's wear in time interval (t, t + ∆t), if the wear has not occurred earlier.
From equation (18) the following is derived:
i.e. failure rate λ(t) due to the wear-out can be written down in the following form:
where: f(t) -time-dependent probability density function of component's wear, R(t) -reliability.
With the relationship (21) that describes failure rate, one can write down the dependence for the current risk of loss(es). The computational formula takes the form:
where: 
Final remarks
The risk assessment for operating a system over a short-or long-range time interval demands good knowledge of forms and values of failure rates.
If the failure rate keeps constant, the risk level depends on both the length of time interval (system operating time), for which the assessment is made, and on the failure-rate value.
On the other hand, when the failure rate monotonically increases in some time interval (system operating time), the risk of losses increases as well. Otherwise, for the decreasing failure rate the risk of losses decreases too.
To find the right form of the function to describe the failure rate is not an easy job. Usually, the failure-rate describing curve takes the bathtub form. At the initial stage of the system operation, owing to some specific steps, the failure rate decreases. Then it stays nearly constant to increase later on, at the final stage of the system's use.
What greatly affects the form of the failure-rate function is degradation processes such as wear, fatigue, and ageing. As these processes get more intense, the failure rate usually increases. The literature on this issue is really rich.
